The shells of avian eggs are very brittle, but how brittle? Fracture toughness, K c is a standard measure used widely to characterise engineering materials. We devised a novel way to measure K c and applied it to commercial hens' eggs, obtaining a value of 0.3 MPa p m. This value is much lower than previous published values, which we argue are incorrect and misleading. We discuss how this exceptionally low toughness value (in comparison to that of other natural materials made from calcium carbonate) has been achieved by prevention of toughening mechanisms. Eggshell has an unusual combination of mechanical properties (low fracture toughness combined with high Young's modulus), making it ideally suited as a container for the developing chick, which must be stiff and rigid but also brittle enough to be broken when required. Further testing and analysis using the Theory of Critical Distances and Weibull probability theory allowed us to describe the effects of defects of various types: cracks, holes and notches, on the strength of whole eggs. These results are of commercial importance because many eggs break prematurely as a result of microscopic defects.
Introduction
Avian eggshell is an extremely common biological material, which performs an important structural function. The egg must be sufficiently stiff and strong to protect the developing embryo, but during hatching the chick must be able to break out using its beak. The mechanical properties of eggshell are also of considerable commercial importance. Tens of millions of tonnes of eggs are produced annually, of which an estimated 8-10% suffer damage during routine handling [1] ; damaged eggs represent a considerable financial loss as well as a health hazard [2] . As a result, there has been a considerable body of work on the determination of eggshell structure and mechanical properties (for a recent review see [3] ).
The sensitivity of a material to the presence of small cracks can be described using a mechanical property known as fracture toughness, which is commonly expressed in one of two different ways: (i) the energy required to propagate a crack by a given amount, G c , given in units of energy per unit increase in the cracked area, and; (ii) a parameter K c , which is related to the stress r f needed to propagate a crack of given length, a, according to the following Eq. (4):
The constant F in this equation depends on the geometry of the crack and the body containing it, and the type of loading applied. These two toughness parameters are related to each other via the material's stiffness (Young's modulus, E), as follows [4] : Classic brittle materials, such as glass and most ceramics, are relatively strong in compression but weak in tension, owing to low fracture toughness. When exposed to tensile stress, such a material is highly sensitive to cracks, and almost invariably fails at a stress lower than its inherent strength as a result of microscopic defects. Eggshell would appear to be such a material, and if so its K c value will be crucial in determining its mechanical performance.
Values of K c and G c for eggshell have been reported in three previous papers. Mabe , which, when converted into SI units, gives 11.1 MPa p m [5] (Note: the unusual conversion factor is due to the square root of length in the units for this quantity). They tested whole hens' eggs, compressing them between rigid, parallel platens, which caused failure by propagation of cracks from the contact points. They calculated K c using a formula previously devised by one of the authors [6] . More recently Xiao et al. reported similar values, of the order of 12.6 MPa p m, in a paper investigating the effect of dietary supplements on hen egg properties [7] . Assuming a value of Young's modulus E = 55 GPa [1] gives values of G c (using Eq. (2) Since this is much larger than the size of an egg, it implies that the strength of eggs will never be reduced as a result of having cracks, which is contrary to all experience. The aim of the present work was to devise a method to measure the fracture toughness of eggshell and, more generally, to assess the effect of small cracks and other defects such as holes on the strength of eggs.
Methods and materials
We used hens' eggs obtained from a retail outlet, described as ''free range, size large". In total, 46 tests were carried out, of which 4 were discarded owing to errors (misalignment etc), giving 42 valid results. All eggs were used on the day of purchase. They were tested at room temperature (18-21°C), after being kept for a minimum of one hour to equilibrate to the temperature of the laboratory. External dimensions were measured before testing: height H in the long-axis direction and width W defined as the maximum diameter normal to the long axis. Shell thickness t was measured after testing, on a part of the fracture surface close to the crack initiation site. The contents were removed before testing by drilling a small hole in each end and blowing with compressed air. A hole of radius a was drilled at half height using a high speed, low torque drill. Four different hole radii were used, varying from 0.25 mm to 2.5 mm. The larger holes were created using successive drills of gradually increasing size; microscopic examination revealed no signs of cracking or damage caused by the drilling operation. In addition to these circular holes, sharp notches were created by first drilling holes and then extending them in the long-axis direction using either a file or a scalpel. This allowed us to create notches with lengths varying from 0.84 mm to 3.25 mm and root radii varying from 0.01 mm to 0.23 mm (see Fig. 1 ).
We devised a novel testing procedure which relies on the fact that, if a thin-walled sphere is loaded in axial compression, a simple biaxial stress state arises near its equator. A test rig was designed with the aim of applying axial compression in such a way as to avoid failure occurring at the loading points (see Fig. 2 ). Loading between flat metal plates, as carried out by other workers [5, 7] creates high local stresses at the contact points. To Table 1 Typical values of Fracture Toughness K c and Young's Modulus E for Various Materials Data from [27] except the following: mussel shells [28] ; nacre [17] ; bone [18] ; temporomandibular joint disc [29] ; cartilage [30] ; stratum corneum [31] . prevent this we used hemispherical cups (actually wooden egg cups) and placed a layer of low-stiffness foam between the egg and the cup to redistribute the contact forces over a large area. We used a polyurethane foam packaging material. The inner diameter of the wooden hemispheres was 40 mm; the undeformed thickness of the foam was 8 mm. Typical egg dimensions were H = 60 mm, W = 45 mm. As a result, when an axial compressive force was applied, the middle third of the egg was left exposed whilst the cups and foam covered the upper and lower thirds. An Instron testing machine was used to apply axial compression at a rate of 2 mm/min. Failure occurred by brittle fracture, i.e. the propagation of one or more cracks, accompanied by a sudden drop in the measured force.
The nominal stress at the location of the hole or notch was calculated assuming the egg to be a perfect sphere of radius b subjected to an axial compressive force F. The overall stress pattern is complex [12] but at locations remote from the loading points it simplifies to a compressive stress r c in the axial direction and an equal and opposite tensile stress r t in the circumferential direction [13] , as shown in Fig. 1 . At the equator (where our holes and notches were placed) these stresses are given by:
Fracture toughness was calculated assuming that the sharp notches were equivalent to cracks of the same half-length, a in this case being defined as the distance from the centre of the notch to its tip. Since our notches were oriented in the axial direction they experienced r t as a normal tensile stress. K c can be calculated assuming that the notch is a crack of the same length, using Eq. (1) above with the stress as given in Eq. (3) and the parameter F = 1.
After failure, samples of the fracture surfaces were examined using a scanning electron microscope, having first been coated with a thin layer of gold to ensure electrical conduction. Statistical significance was investigated using the T-test with a threshold p value of 0.05. Theoretical predictions were compared to experimental data by calculating R 2 values.
Results
All samples failed by brittle fracture, i.e. by the formation and growth of cracks. Cracks grew from the holes and notches in all cases except the two smallest holes, those having radii 0.25 mm and 0.5 mm, for which cracking started from the edge of one of the foam-covered areas, presumably due to some local stress concentration in those areas. Fig. 3 shows all the results, plotting the failure stress r tf as a function of the size of the introduced feature, defined as the radius for holes and the half-length for notches. For both holes and notches, increasing size caused a decrease in the stress to failure, which was statistically significant (p < 0.05). In  Fig. 4 , the measured value of K c is plotted as a function of notch root radius. Strictly speaking, K c can only be obtained from a crack, i.e. a notch with zero root radius: this plot shows the value of K c obtained assuming zero root radius. Fig. 5 shows several images of the fractured areas. At low magnification (Fig. 5a ), the fracture surface showed a series of approximately flat planes which reveal the typical palisade structure of eggshell, which consists of a series of calcite structures oriented through-thickness [14] . The average width of these planes (measured perpendicular to the thickness of the shell) was 44 lm. At higher magnification (Fig. 5b) , each plane was seen to be not perfectly flat, but rather made up of a series of smaller planes having the appearance of individual cleavage facets, of typical size 1-3 lm, along with some rougher regions. The cleavage facets in a given area tended to have the same orientation, suggesting a common underlying crystal structure. When viewed from the surface of the shell (Fig. 5c ) the crack was, in general, remarkably straight, showing little tendency to deviate from side to side, and only very occasionally to develop branches (Fig. 5d) . Fig. 2. A schematic of the test rig: the egg was contained in two wooden hemispheres, protected with a layer of foam material to prevent local stress concentrations.
Fig. 3.
Test results: applied tensile stress to failure r tf as a function of the size of the hole or notch a, (defined as the hole radius or notch half-length, see Fig. 1 ). Also shown are predictions for: sharp cracks (using the measured K c value); holes (using the TCD approach) and; holes (using TCD with a correction factor obtained using Weibull analysis).
Discussion

The fracture toughness of eggshell and its biomechanical significance
The value of K c can be estimated by extrapolating the results in Fig. 4 to a notch root radius of zero. This approach is commonly used to find the fracture toughness of brittle materials such as ceramics: ideally one would carry out a test on a sample containing a sharp pre-crack but it is difficult to introduce such cracks without fracturing the sample completely, so notches of various root radii are used instead [15] . Further confirmation of the validity of the result can be obtained by calculating a parameter known as the critical distance (see below).
In the present case the value obtained for K c was 0.3 MPa p m, with an estimation error of about 10%. We believe this to be the first accurate estimate of the fracture toughness of eggshell. This is an extremely low value: as Table 1 shows it is less than the toughness of glass and much less than many other stiff biological materials such as bone. Some biological materials such as cartilage have even lower values, but these are soft, low-stiffness materials.
Combining our result with other data shows that this material has a rather unusual combination of properties. Having a high Young's modulus of 55 GPa [1] , and a very low fracture toughness, eggshell has an exceptionally high value of the ratio E/K c compared to other materials: Fig. 6 illustrates this, showing values of this parameter for various materials as a function of E. The only other materials which come close to having such a high value are certain engineering ceramics, including concrete and silicon carbide.
What is the biological significance of this ratio E/K c ? The avian egg must be sufficiently rigid to protect the developing embryo, deforming minimally under the weight of the adult bird. This requirement is achieved partly by the egg's shape: (a thin-walled spherical structure has high rigidity for a given weight) and partly by using a material with a high Young's modulus. Eggshell has one of the highest Young's moduli of any natural material, being approximately three times greater than that of bone. The egg also needs to be reasonably strong, but high strength is not very important, because the weight of the adult bird will not give rise to very high stresses in the shell. In our tests, failure occurred at forces of the order 100-400 N, equivalent to weights of about 10-40 kg. If the egg falls out of the nest it may break on impact, but in these circumstances eggs are almost always abandoned by the parents even when unbroken. In fact, the egg needs to be breakable, under the very particular circumstances in which the chick hatches out, using its beak to locally break a hole in the shell which it then enlarges. Just before hatching, the egg becomes thinner by erosion, making it easier to break. Low fracture toughness is also crucial to allow this process to occur given the relatively small forces which the chick can apply. Failure can be induced in a brittle material by making a hole which acts as a stress concentration: further stress induces a brittle fracture by crack propagation. Therefore, with a moderate strength, high Young's modulus and low fracture toughness eggshell is a material which is ideally suited to its purpose.
It is not entirely clear why previous workers (see above) obtained such impossibly high values of K c and G c . The test used by Mabe et al. and reproduced by Xiao et al., in which the egg is compressed between rigid metal plates, is commonly used as a quality control test in the egg industry. However the mode of failure induced is very complex. The applied forces are transmitted through a very small contact area: under these conditions the local stress field near the contact area is complex and difficult to predict [12] . Cracks will initiate in or close to the contact area, and propagate away for a distance which depends on the applied force and the material's mechanical properties. Macleod et al. carried out a detailed simulation of this phenomenon using finite element analysis. They stopped short of attempting to estimate K c , but commented that a value of the order of 0. 
Failure mechanisms in eggshell and other calcite/aragonite-based biological materials
How does eggshell achieve this unusual combination of properties, in particular its very low toughness? It consists largely of calcium carbonate, in the form of calcite crystals orientated perpendicular to the shell surface, plus a small amount (less than 2%) of organic material [3, 14] . The fracture toughness of calcite mineral has been measured at various values, from 0.2 to 1.8 MPa p m [9, 10] , being higher in material with low porosity and small grain size. Some other biological materials, for example nacre, mussel shells and conch shells, have essentially the same composition, with calcium carbonate in either the calcite or aragonite forms. However these materials have fracture toughnesses which are ten times higher than that of eggshell (see Table 1 ). The remarkable toughness values of these materials have been the subject of much research in recent times (e.g. [9, 16, 17] ). Structure at the micro and nano scale can give rise to toughening mechanisms, hindering crack growth. For example, nacre has a brick-and-mortar structure of rectangular crystals of thickness about 0.5 lm, separated by a very thin layer of organic material. This creates many weak interfaces which consume energy by debonding and cause a growing crack to deflect from side to side, greatly increasing the energy consumed in crack propagation. In bone, crack deflection occurs around longitudinal structures known as osteons, which have a width of typically 200 lm. These osteons often remain unbroken, giving rise to supporting ligaments behind the crack tip, which carry tensile stress and thus hinder further crack propagation [8, 19] .
As Fig. 5 shows, these toughening mechanisms do not occur in eggshell. Though there exist structural units at the 100 lm scalepalisade columns which occupy most of the shell thickness [3] -it's clear that that they do not cause the crack to deflect around them. Cracks deviated only through small angles, and deviation rarely exceeded 5 lm from a straight line (Fig. 5c ) except very occasionally ( Fig. 5d ) when the crack appeared to bifurcate around a palisade column. The fracture surface consisted of a series of approximately flat planes (Fig. 5a ), which correspond to individual calcite crystals within the palisade columns. Microscopic cleavage facets within one of these planes had a consistent orientation, suggesting a single crystal of calcite (Fig. 5b) . Apart from the cleavage facets, some other, rougher, areas can be seen in Fig. 5b , which may represent fracture through inclusions of organic material. Rodriguez-Navarro et al. showed that there is considerable crystallographic texture present, i.e. the crystals in the palisade layer tend to have a preferential orientation. They found that shells which showed greater variation in crystal orientation had higher strength [14] : this is most likely because the crack is forced to deviate slightly as it passes from one crystal to another, a minor toughening mechanism which may be responsible for raising K c to 0.3 MPa p m above the minimum calcite value of 0.2 MPa p m.
The defect tolerance of eggshell
Knowing K c allows us to estimate the effect of cracks and similar sharp defects on the strength of eggs. Macleod et al. found that the strength of whole hens' eggs was, on average, 17.1 MPa when measured at the point of production but dropped to 14.8 MPa when measured at a retail outlet [1] . Given our value of K c this implies that failure occurs from cracks of average length 2a = 0.20 mm at the production location and 0.26 mm at the retail location. This gives a sense of the very small defect sizes involved in practice and the challenges facing the industry in detecting and controlling such defects.
As Fig. 3 shows, the fracture mechanics equation (Eq. (1)) is able to give a reasonably good prediction of the data from the sharp notches. The R 2 value in this case is 0.57: in this case (given the scatter in the data) a perfect prediction would give an R 2 value of 0.65, however this prediction is not expected to be perfect because the equation applies strictly only to perfect cracks. A major limitation of the K c parameter is that it only applies to cracks, i.e. notches having zero root radius. Other types of defect may occur, such as circular holes or notches with finite root radius. In order to predict the effect of these other kinds of stress concentration feature, and therefore to provide a more complete picture of the defect tolerance of eggshell, a different approach is required. One such approach is known as the Theory of Critical Distances, TCD [20] . This approach requires an additional material property: a constant which is known as the critical distance, L. This constant can be used in various ways to predict failure by crack growth from a stress concentration feature. One approach, originally proposed to predict metal fatigue cracking [21] and subsequently applied to brittle fracture in a wide range of materials [20, 22] is known as the Line Method. This involves calculating the average elastic stress along a line of length 2L, drawn from the point of maximum stress (e.g. the root of the notch) in the direction of crack propagation. Failure is predicted to occur if the value of this averaged stress is greater than or equal to a stress which, for brittle ceramic materials, is equal to the tensile strength of samples containing no stress concentration features [23] .
In the present work we applied this approach to predict our results from samples containing circular holes. A circular hole subjected to a remote tensile stress r has a local stress field which can be estimated using Airy functions [24] . The appropriate equation, for the stress r h (defined as circumferential with respect to the hole) at a location defined by angle h (measured around the circle) and distance r (measured from the circle's edge) is:
Solving for the present case in which there are two remote 
This stress has a maximum value of 4r t and decreases with increasing distance from the hole, r. To predict r tf using the TCD (Line Method), we integrate this function to find the average stress between r = 0 and r = 2L, putting this equal to the material's strength, r o . The result is:
Given that this approach applies to all stress concentration features, and therefore should apply also to cracks, it is possible to derive a relationship between the three material constants L, r o and K c [25] as follows:
Since we already know K c for eggshell, the only unknown parameter is r o . This is the tensile strength of material containing no defects, but this is difficult to obtain experimentally because eggs almost always contain small defects. Previous workers [11] reported an average strength of 15.2 MPa for whole eggs tested to failure by internal pressure, which is in agreement with results in the range 14.8-17.2 reported by Macleod et al. However another study [26] found a significantly higher value of 27.3 MPa when the stress was highly localised by loading sections of shell between pairs of rings. This shows that the result obtained for the tensile strength depends on the volume of material being stressed: smaller volumes will be stronger because they have less chance of containing large defects.
In the present case, the choice of a value of 21 MPa for r o gives a perfect prediction for the hole of radius 1.5 mm (see Fig. 3 ) but overpredicts the strength of the larger hole. The R 2 value for this prediction is very low at 0.16, compared to the result for a perfect fit which would be 0.61. Entwistle and colleagues found that the results in their two papers could be reconciled by using a Weibull probabilistic approach. This approach is commonly used to predict the strength of brittle materials which fail as a result of small, often Failure of a specimen containing a circular hole will occur from the highly-stressed region close to the hole surface: the volume of this region will be proportional to the square of the hole radius. We can expect that failure will be easier from larger holes, the failure stress being reduced by a factor r 2/m . As Fig. 3 shows, if we apply this as a correction factor to our previous TCD approach, we obtain accurate predictions for both holes tested. The R 2 value for this prediction is 0.59, very close to the result of 0.61 for a perfect fit. We also tested two smaller hole sizes, 0.25 mm and 0.5 mm radius, but in these cases failure occurred not at the hole but elsewhere on the sample, as a result of limitations in the test rig, so these are obviously not valid results. Fig. 5 ). Our work had some limitations. We used only one source of eggs -hens' eggs from a retail outlet. This was satisfactory for our purpose, which was to develop an accurate method to measure fracture toughness, which can now be applied in future work to study the effect of variables such as species, time since laying, diet and the presence and developmental stage of the embryo. There is an organic membrane on the inside of the shell which, though it will not itself be strong enough to affect the results, may alter the state of hydration of the eggshell material: this was not investigated in the present work. For the purpose of stress analysis we assumed that the egg had a spherical shape. This assumption has been used in previous work (e.g. Macleod et al. [1] ); in fact the egg shape does not deviate very much from a sphere: in our case the average height was larger than the average width by just 30%. We used Eq. (3) which applies to the case of point forces at the two ends, whilst in our case the applied forces were distributed using foam material. This should not significantly affect the stresses in the vicinity of the notch because it is remote from the loading points. A more accurate stress analysis, taking these two issues into account, could be carried out using finite element analysis: though beyond the scope of the present paper this would be a useful piece of future work. We could not induce failure from defects as small as 0.5 mm or less owing to limitations of our loading method. It would be very useful to be able to do so, because the extrapolation of our theoretical predictions to submillimetre sizes is not necessarily reliable and would require experimental verification. This may be achievable in the future by modifications to the test rig.
Conclusions
1. The fracture toughness of eggshell can be measured by compressing whole eggs containing machined notches.
2. The fracture toughness of free range hens' eggs was measured at 0.3 MPa p m. Eggshell has a remarkably high value of the ratio E/K c , which makes it well fitted for its purpose. 3. This toughness value is close to the minimum measured for mineral calcite. This has been achieved by making eggshell from relatively large crystals and avoiding the various toughening mechanisms seen in other natural materials based on calcium carbonate such as nacre. 4. Analysis using the Theory of Critical Distances and Weibull probability theory allows us to predict the effect of defects of various types: cracks, notches and holes, which will be useful in assessing eggshell quality for industrial purposes.
